About 60% of natural gas production in the United States comes from hydraulic fracturing of unconventional reservoirs, such as shales or organic-rich micrites. This process inoculates and enriches for halotolerant microorganisms in these reservoirs over time, resulting in a saline ecosystem that includes methane producing archaea. Here, we survey the biogeography of methanogens across unconventional reservoirs, and report that members of genus Methanohalophilus are recovered from every hydraulically fractured unconventional reservoir sampled by metagenomics. We provide the first genomic sequencing of three isolate genomes, as well as two metagenome assembled genomes (MAGs). Utilizing six other previously sequenced isolate genomes and MAGs, we perform comparative analysis of the 11 genomes representing this genus. This genomic investigation revealed distinctions between surface and subsurface derived genomes that are consistent with constraints encountered in each environment. Genotypic differences were also uncovered between isolate genomes recovered from the same well, suggesting niche partitioning among closely related strains. These genomic substrate utilization predictions were then confirmed by physiological investigation. Fine-scale microdiversity was observed in CRISPR-Cas systems of Methanohalophilus, with genomes from geographically distinct unconventional reservoirs sharing spacers targeting the same viral population. These findings have implications for augmentation strategies resulting in enhanced biogenic methane production in hydraulically fractured unconventional reservoirs.
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Introduction
Hydraulic fracturing has substantially increased hydrocarbon recovery from unconventional reservoirs, including black shales (siliceous fine-grained mudstones dominated quartz, clays and carbonates) and micrites (fine-grained organic-rich or 'muddy' carbonates with a range of clay content and minor quartz) (Arthur and Sageman, 1994; Wignall, 1994; Sageman et al., 2003; Kargbo et al., 2010; Kerr, 2010) . Black shales and micrites, which are commonly classified geologically as mudstones, are thought to be devoid of microbial life following geological 'pasteurization' Mouser et al., 2016) . The process of hydraulic fracturing, however, brings life to these unconventional reservoirs by introducing a myriad of biogeochemical, hydrogeological and structural changes that allow microorganisms to colonize the deep subsurface (Mouser et al., 2016) .
Characterized by its name, hydraulic fracturing is the highpressure injection of water, proppant and chemical additives into the subsurface that creates fractures in the rock matrix, subsequently releasing economically important hydrocarbons (Kerr, 2010; Vengosh et al., 2014; Mouser et al., 2016) . Injected fluids act as a microbial inoculum, transporting surface microorganisms to the deep subsurface. Concomitantly, these injected fluids contain biocides and stabilizers that act as a source of substrates for injected microorganisms (Vikram et al., 2014; Mouser et al., 2016) . These structural and chemical changes create the space and resources necessary for microbial life. Previous studies by our group and others have shown that a subset of members from injected microbial communities persist more than 300 days after hydraulic fracturing and even proliferate in these systems Daly et al., 2016; Borton et al., 2018) .
Microorganisms injected into natural-gas wells invariably have an impact on the deep biosphere environment. The metabolic activity of some persistent microorganisms in unconventional reservoirs can lead to sulfide production, resulting in souring and infrastructure corrosion Booker et al., 2017a) , while the accumulation of microbial biomass may lead to clogging of fractures (Elsner and Hoelzer, 2016) . Other persistent microbial community members include methane producing archaea, which could have a positive impact on energy yields. One prior study predicted that biogenic methane accounted for more than 12% of methane produced in a shale-gas well lifetime (Cokar et al., 2013) . Similar to stimulation of methanogens in coal beds (Ritter et al., 2015; Park and Liang, 2016; Davis et al., 2018) , there is potential to enhance methanogenic metabolism in hydraulically fractured unconventional reservoirs to increase methane recovery and well longevity. In order to make this potential a reality, a deeper understanding of biotic and abiotic processes within the subsurface ecosystems associated with unconventional reservoirs is needed to manipulate and manage methanogenesis.
Here, we survey the biogeography of methanogens across hydraulically fractured unconventional reservoirs and perform a comparative analysis of 11 genomes from the most prevalent methanogen, Methanohalophilus. This genomic investigation of Methanohalophilus strains living in surface and subsurface environments provides insight into the genotypic differences between strains under different environmental constraints. Predicted metabolic differences between strains were supported by laboratory cultivation experiments using Methanohalophilus strains isolated from unconventional reservoir produced fluids. Understanding how these methanogens are carving out a life in these dynamic, subsurface environments is imperative to move forward in field manipulations of their metabolisms for human benefit.
Results and discussion
Methanohalophilus is a prevalent member of persisting microbial communities in hydraulically fractured unconventional reservoirs Given the potential economic importance of methane producing archaea to the recovery of natural gas from unconventional reservoirs, we surveyed publicly available sequencing data (single gene and metagenomic) from produced fluids for the presence of methanogens (Table 1) . We combined data from prior published reports spanning five different unconventional energy plays, both from our group (Daly et al., 2016; Borton et al., 2018) and other studies (Waldron et al., 2007; Struchtemeyer et al., 2011; Davis et al., 2012; Fichter et al., 2012; Wuchter et al., 2013; Murali Mohan et al., 2013a; Murali Mohan et al., 2013b; Cluff et al., 2014; Akob et al., 2015; Tucker et al., 2015; Liang et al., 2016; Lipus et al., 2016) . We also include new (previously unpublished) data from the STACK play in Oklahoma (deposited in NCBI Bioproject #PRJNA308326). The unconventional reservoirs analysed here represent a variety of different geological histories and geographic locations and thus have variable chemistries and conditions for microbial life.
Due to the bias of universal primers (Suzuki and Giovannoni, 1996; Baker et al., 2003) , especially for archaea (Singer et al., 2016) , we preferentially utilized metagenomic data when available (Table 1) . We report the metagenomic data in two ways, (i) read mapping to known methanogens to assess relative abundance and (ii) metagenome assembled genomes (MAGs) for assessment of metabolic potential (see methods). Here we release five new Methanohalophilus genomes, comprised of three isolates and two MAGs (Table 2) . For wells analysed without metagenomics data, especially those from other groups and formations, 16S rRNA gene data was the only available information (Table 1) . For these, we assessed methanogen presence and diversity, but did not include relative abundance. Together, our analyses include data from 44 natural-gas wells across six unconventional formations, enabling a biogeographical survey of potentially important methane producing archaea.
To date, every microbial community analysis in hydraulically fractured unconventional reservoirs that included archaea detected the presence of methanogens (Table 1, Fig. 1A ). While Methanohalophilus have been found in the six unconventional reservoirs plays sampled to date, other methanogens including Methanolobus and Methanoplanus have been occassionally detected (Murali Mohan et al., 2013b; Daly et al., 2016) . Consistent with other methanogenic ecosystems (Gill et al., 2006; Henderson et al., 2015; Angle et al., 2017) , the relative abundance of methanogens in unconventional reservoirs is generally low, typically less than 7% (Fig. 1C) . The cosmopolitan nature of Methanohalophilus in source rock formations from the Marcellus, Utica, Barnett, Antrim and STACK unconventional reservoir plays, hints at a keystone role in these ecosystems (Fig. 1 , Supporting Information File S1).
To better define a 'universal' niche occupied by Methanohalophilus, we mapped metagenomic reads to Methanohalophilus isolate genomes and MAGs to determine the relative abundance of these genotypes in fluids produced from unconventional reservoirs over time. Time series metagenomic data shows that Methanohalophilus was detected in samples up to 488 days post-hydraulic fracturing, the latest time point sampled (Supporting Information File S1). Previous studies have used 16S rRNA gene data to show that microbial communities in unconventional reservoirs often converge to a similar microbial community at late time points regardless of input chemistry, operator, geographic location or type of source rock (i.e., shale, organic-rich micrite) (Mouser et al., 2016; Borton et al., 2018) . Methanohalophilus is a part of this persisting community, along with Halanaerobium, Geotoga and Marinobacter (Supporting Information Fig. S1 ).
One hypothesis for this convergence of similar genotypes across natural-gas well samples from different unconventional reservoirs is strong environmental filtering. A likely critical environmental forcing is salinity, which changes throughout the lifecycle of a natural-gas well. In many cases salinity can range from freshwater (<100 mg l −1 ) up to hypersaline conditions (>110 g l −1 ) over time (Murali Mohan et al., 2013a; Daly et al., 2016; Borton et al., 2018) . In general, salinity increases in a power function with time, with the shift to saline conditions occurring on a time scale of weeks to months (Supporting Information Fig. S2 ). Metagenomic data paired to salinity data shows a shift to saline conditions over approximately 40 days after hydraulic fracturing Daly et al. (2016) (Supporting Information Fig. S2 ), a change that is reflected in microbial membership (Supporting Information Fig. S1 ). Notably, the change in microbial community membership is characterized by an enrichment of halophilic or halotolerant taxa 40 days after hydraulic fracturing.
Here, we use metagenomic data to define a salinity window for Methanohalophilus across the transition from flowback to produced fluids. Open circles show that Methanohalophilus was not detected below 25 g L −1
chloride, while closed circles show the upper limit for Methanohalophilus in produced fluids is 112 g L −1 chloride (Fig. 1C) . The upper limit is also the maximum concentration for this dataset and thus we cannot conclude the maximum chloride concentration tolerated by this genus in hydraulically fractured unconventional reservoirs. This reported range is consistent with a published report indicating the upper limit for methylotrophic methanogenesis (not just Methanohalophilus) is 250 g L −1
chloride (Oren, 1999) . Based on analysis of the literature for cultivated Methanohalophilus spp. (Paterek and Smith, 1988; Lai and Gunsalus, 1992; Boone et al., 1993; Katayama et al., 2014) , we conclude the salinity range for this genus spans from 17 to 155 g L −1 chloride, with an optimum of around 80 g L −1 chloride (Supporting Information Table S1 ). Here, our produced fluid data suggests that there is no clear optimum salinity concentration (Fig. 1C) , and in fact there are several samples containing around 80 g L −1 chloride where Methanohalophilus was not detected, and low salinity samples (STACK formation) where Methanohalophilus was detected. We suggest several explanations for the variable Methanohalophilus distribution. The first is methodological, in that the absence of data at certain time points can be impacted by sampling, that is, the sequencing depth combined with the lower relative abundance of methanogens relative to other members in the community may result in non-detection of methanogens. Second, there are other chemical and biological factors that can mediate the presence of Methanohalophilus in hydraulically fractured unconventional reservoir systems. For example, we have previously shown that methanogenesis by Methanohalophilus can be fueled by Halanaerobium fermentation of glycine betaine to yield methanogenic substrates such as trimethylamine (Borton et al., 2018) . Consistent with this interdependency, Halanaerobium is present in every sample in which Methanohalophilus is detected. However, here we failed to find any clear relationship between Methanohalophilus presence or relative abundance and the presence or concentration of methylotrophic substrates (Supporting Information Fig. S3 ). Lastly, we previously demonstrated that viral genomes could be linked to Methanohalophilus (Daly et al., 2016) , and that viral predation and Methanohalophilus CRISPR Fig. 1 . A. Initial work by our group and others used metagenomics and single marker gene analyses to identify microorganisms from 44 naturalgas wells distributed across several geographically distinct unconventional reservoir formations (Antrim, Utica, Marcellus, Barnett, Haynesville and STACK). Only studies that surveyed archaeal diversity are shown. Previously published studies denoted by a coloured circle with a diamond have time series metagenomic data with paired geochemical and metabolite data. Filled black circles represent studies that used 16S rRNA data to determine the presence of Methanohalophilus. B. SEM image of Methanohalophilus WG1-MB isolated from flowback and produced fluids from the Utica/Point Pleasant Formation. C. Methanohalophilus genome relative abundance across 5 natural-gas wells with metagenomic data graphed with chloride concentrations shows the salinity window (grey box) for Methanohalophilus occurrence in hydraulically fractured unconventional reservoir wells. Colour of dot denotes natural-gas well and corresponds to map (A), while open circles denote absence of Methanohalophilus reads or scaffolds >2 kb (see methods).
immunity were actively expressed (Borton et al., 2018) ; thus predation may also contribute to variable Methanohalophilus abundance patterns. We conclude that Methanohalophilus requires a specific set of yet-defined conditions (and maybe even microbial members) to persist in deep hydraulically fractured unconventional reservoirs. Developing more detailed knowledge of the constraints on this organism will be required to successfully manipulate this system for enhanced biogenic methane production.
New Methanohalophilus MAG and isolate genomes double prior genomic sampling of this genus For this study, we supplemented publicly available genomes with in-house MAGs (n = 2) and isolate genomes (n = 3) all belonging to the genus Methanohalophilus (Table 2 ). In total, we compared 11 genomes; six isolates and five MAGs, three of which are in one contig (Mh. mahii SLP DSM 5219, Mh. portucalensis FDF-1 and Mh. euhalobius WG1-MB) ( Table 2 , Supporting Information File S2). Three of the genomes are from surface environments (Paterek and Smith, 1988; Boone et al., 1993; Spring et al., 2010) , including lake sediments (Mh. mahii SLP), salt pans (Mh. portucalensis FDF-1) and cyanobacterial mats (Mh. halophilus Z-7982). The remaining eight genomes are from subsurface environments, with all but one, which is from an oil well in Russia (Davidova et al., 1997) , being from hydraulically fractured unconventional reservoirs in the US (Daly et al., 2016; Lipus et al., 2016; Borton et al., 2018) (Table 2) .
The 11 genomes range in size from 1.6 to 2.09 Mbp, with no size differences noted due to differences in isolate versus metagenome-derived genomes (Table 2 , Supporting Information File S2). The genomes encode 1889-2233 predicted proteins and have between 41.9% and 42.6% G + C content. All of the genomes are estimated to be >80% complete with <4.8% contamination (Supporting Information File S2). Genomes first described here include three isolates and two MAGs, which nearly doubles the number of sequenced representatives of this genus. All of the genomes analysed share more than 91% average nucleotide identity (Fig. 2 , Supporting Information File S3). Pangenome analysis revealed 3112 gene clusters among the 11 genomes, with 901 genes constituting the core (present in every Methanohalophilus genome). The accessory genome included 1445 genes present in at least two genomes and 766 unique genes that were present in only one genome (Supporting Information Fig. S4, File S4 ). The core genes account for 42.5%-49.4% of the total genes across the 11 genomes. A phylogenetic analysis constructed with the core genes, as well as standard Archaeal marker genes (Parks et al., 2017) , showed that three different Methanahalophilus species (mahii, halophilus and portucalensis spp.) were sampled from surface habitats (n = 3 genomes), while Mh. euhalobius was only sampled in the deep subsurface (n = 8 genomes) (Figs 2 and 3) .
The percentage of genes in the Methanohalophilus core genome is much lower than Thermotoga (>90% core genes, n = 11), a bacterium that spans surface (n = 4) and deeper (n = 7) ecosystems (Nesbø et al., 2015) . In fact, the relative abundance of genes in the core genome for Methanohalophilus is closer to Prochlorococcus, a highly abundant marine photosynthetic bacterial genus, with a core genome of about 50% (n = 49) (Biller et al., 2015) . Within the archaea, a genome comparison of a single genus and species, Sulflobus islandicus (n = 7), recovered from surface, geothermal areas revealed 74% of the genes made up the core genome. Here, a similar analyses of Mh. euhalobius genomes recovered exclusively from the deep hydrocarbon systems (n = 8), had only 46% of the genes in the core genome.
Reasons for the low percentage of genes in the Methanohalophilus core genome may be due to the engineered B. This is also shown in a maximum likelihood tree of 682 core genes found across 11 Methanohalophilus genomes. Closed circles on phylogenetic tree are located at every branch point and represent bootstraps >99. All subsurface genomes were from hydraulically fractured unconventional reservoir except one, denoted by an asterisk (*).
nature of hydraulically fractured rocks in unconventional reservoirs, which are atypical from other subsurface or deep ecosystems. Microorganisms from undisturbed deep biosphere environments often have slow growth rates that may hinder nucleotide substitution accumulation, ultimately keeping diversity low (Li et al., 2014) . However, previous studies have shown that in hydraulic fractured rocks in unconventional reservoirs, biomass can increase by over several orders of magnitude over a period of several months (Daly et al., 2016) . Moreover, increased genetic diversity within Mh. euhalobius strains relative to other subsurface archaea, like S. islandicus may be attributed to environmental instability, which is a key driver of genetic diversity (Kassen, 2002) . The ecosystem created following hydraulic fracturing is characterized by extreme changes in salinity, redox conditions, temperature, pressure, nutrients and perhaps even viral predation throughout the lifetime of the natural-gas well (Daly et al., 2016) . It is also important to consider that these environmental drivers and the static conditions prior to hydraulic stimulation vary considerably for each unconventional reservoir (Borton et al., 2018) (Supporting Information Fig. S2 ). For example, among unconventional reservoirs, there are important differences in dominant (e.g., quartz, clay, carbonates) and trace (e.g., sulfides) mineral assemblages, burial depth (0.5 to >3 km), reservoir temperature (40 to~150 C), total organic carbon content (0.5 to~20%), kerogen type, basin burial history and geologic history (e.g., occurrence of volcanic intrusions, faulting, fracture intensity, style) (Oliver, 1986; Evans, 1995; Selley, 1998; Lash et al., 2004; Engelder et al., 2009; Lash and Engelder, 2009; Darrah et al., 2015; Mouser et al., 2016; Harkness et al., 2017; Moore et al., 2017) . Together these differences may facilitate the increased genomic diversity, we observed within the genus Methanohalophilus.
The core genome of Methanohalophilus includes the expected housekeeping genes, but also the genes necessary for methylotrophic methanogenesis and production of the osmolyte glycine betaine (Supporting Information File S4). For the methylotrophic substrates, only the utilization of methanol and monomethylamine are conserved, while trimethylamine and dimethylamine utilization are flexible genome attributes. Specifically, all 11 genomes have the capacity to demethylate methanol and monomethylamine via substrate specific pyrrolysine-containing methyltransferases (mtaB and mtmB respectively) that transfer the methyl group to respective activated cognate corrinoid proteins, which are also conserved (mtaC and mtmC respectively). Methyl groups are ultimately transferred to coenzyme M via a methylcorrinoid:CoM methyltransferase (mtbA), which is encoded in all 11 genomes. Genes for pyrrolysine biosynthetic enzymes (pylBCD), methyl coenzyme M reductase (mcrA) and a pyrrolysine-tRNA synthetase (pylRS) were also recovered from all 11 genomes, as these are required to utilize methylamines. Genes for the utilization of other methanogenic substrates such as acetate or quaternary amines (e.g., glycine betaine (Ticak et al., 2014) were not recovered in any of these 11 genomes. This is consistent with prior reports in which Methanohalophilus is an obligate methylotrophic methanogen, requiring the presence of methanol or methylamines to generate energy (Paterek and Smith, 1988; L'haridon et al., 2018) .
Given the elevated and increasing salinities in produced fluids through time, we surveyed the Methanohalophilus pangenome for the presence of genes involved in osmoadaptation. Notably, genes for the synthesis of glycine betaine from glycine, as well as the transport of glycine betaine from the environment into the cell, is present in all 11 genomes. The synthesis or transport of other osmolytes was not in the core genome for Methanohalophilus. This shows the importance of glycine betaine to Methanohalophilus physiology. Given that glycine betaine is the only osmolyte to be detected in all produced fluids from late time points, we had previously suggested that this compound was a keystone metabolite in the ecosystem created by hydraulic fracturing (Borton et al., 2018) . Moreover, we demonstrated using metaproteomics data from laboratory reactors that this compound Table S5 ) are denoted by bubble shading (black, presence; white, absence). The source of genome denoted in the first column is based on bubble fill, with surface (white bubble with an X), conventional oil well (white bubble) and unconventional reservoir play (coloured bubbles from Fig. 1A) . Sources of the Methanohalophilus genomes are noted in Table 2. can forge metabolic interactions between persisting taxa. For instance, glycine betaine is synthesized from glycine by Methanohalophilus, used as an osmoprotectant by Methanohalophilus and Geotoga and used as an energy source by Halanaerobium and Frackibacter (Daly et al., 2016; Booker et al., 2017b; Borton et al., 2018) . Also, given that glycine betaine is an amino acid derivative (C 5 H 11 NO 2 ), it can serve as a source of organic nitrogen in this system. Similarly, Methanohalophilus-fueled glycine betaine metabolisms are also reported in a surface hypersaline lake (Cono et al., 2015) . Thus, the highly conserved capacity to produce of glycine betaine by Methanohalophilus may represent a public good, contributing to ecosystem stability in saline, methanogenic ecosystems.
Unique attributes of subsurface Methanohalophilus genomes
It is widely presumed that the flexible part of an organism's genome confers fitness advantages to specific strains within different environmental conditions (Biller et al., 2015) . As such, we examined the flexible genome between surface and subsurface Methanohalophilus genomes. There are 83 gene clusters unique to surface genomes and 40 gene clusters unique to subsurface genomes. Of these, 51% and 45% are hypothetical proteins or genes with unknown function, respectively, alluding to the currently cryptic biochemistry that resides in lineages with well-characterized members (Galperin and Koonin, 2010; Koppel and Balskus, 2016) .
Genes present only in subsurface genomes may have implications for adaptation and persistence in the deep biosphere. For instance, one gene cluster that was only found in subsurface derived genomes was made up of 37 annotated transposases. Although there are other transposase gene clusters in surface genomes, the subsurface genomes contain significantly more copies of transposases relative to surface genomes (p < 0.05). The relative abundance of transposase genes to total genes in a given genome was 0.3%-0.6% for the Methanohalophilus surface genome, and 1.0%-2.3% for subsurface genomes. Interestingly, this percentage cut-off of 1% is consistent with prior reports showing that surface genomes derived from marine systems typically have 0.6% transposase relative abundance, while 'extreme' environments like acid mine drainage have 1% transposase relative abundance (Li et al., 2014) . The abundance of transposases in genomes from subsurface or extreme environments suggests an active role for genome plasticity and adaptation in environments with strong selective pressures (Vigil-Stenman et al., 2017) .
Other genes exclusive to subsurface genomes include a specific CRISPR-associated protein belonging to the Csx1 family. This particular protein has been previously implicated as an endoribonuclease that acts selectively on single-stranded RNA and cleaves specifically after adenosines (Sheppard et al., 2016) . We note from a prior proteomic examination of Methanohalophilus 2-GBenrich genome that this CRISPR gene was expressed in a laboratory maintained consortium experiencing viral predation (Borton et al., 2018) . Thus, the conservation of this gene may suggest an adaptation of subsurface Methanohalophilus against viruses that surface Methanohalophilus may not have encountered, a hypothesis we examine in more detail below. Genes for an alcohol dehydrogenase (ADH) were also found exclusively in the subsurface genomes. While this may confer adaptation to chemical conditions in oil and natural-gas wells, further investigation into the specificity and annotation of this gene is necessary. Notably, genes for glycan production were also found exclusively in subsurface Methanohalophilus genomes, potentially associated with a role in biofilm formation in the deep biosphere (Flemming and Wingender, 2010; van Wolferen et al., 2018) .
Genomes from the surface contain genes that may confer adaptation to unfavourable redox or light conditions that are more common in these habitats. For example, catalase genes were only recovered from surface Methanohalophilus genomes. Recent reports from soils have suggested the expression of this gene is associated with oxygen detoxification and can enable methane production in oxic habitats (Angel et al., 2011) . Other genes exclusively encoded in surface genomes included nitric oxide reductases. This is consistent with a prior publication showing that other methanogens may use this gene as a detoxification mechanism (Cabello et al., 2004) . Lastly, surface Methanohalophilus genomes exclusively contain genes for photo-lyase enzymes, which repair DNA damaged by ultraviolet light. In summary, we identified disparities in genomic content that reflect the differences in environmental selective pressures encountered by these microorganisms in surface (salt pan, cyanobacterial mat, lake sediments) and subsurface (unconventional petroleum reservoir) habitats.
Genes for the utilization of trimethylamine (TMA), a common methylotrophic substrate, was part of the flexible genome. We identified differences in the use of TMA by two closely related strains isolated from the same natural-gas well. In fact, these two organisms were so phylogenetically similar that they were indistinguishable by 16S rRNA gene sequence (100% identify of 1456 base pairs) and shared nearly 99% average nucleotide identity at the genome level. Specifically, Methanohalophilus WG1-DM does not encode the genes for trimethylamine utilization (corrinoid protein and trimethylamine methyltransferase), while Methanohalophilus WG1-MB does contain these genes (Figs 3 and 4) . The presence of trimethylamine methyltransferase was detected in all other Methanohalophilus genomes (n = 9 of 11, except the DM isolate and a closely related MAG from the same sample). Other genome differences between these two closely related strains cultivated from the same naturalgas well include an oligopeptide permease ABC transporter operon (opp) and antitoxin system (pemK/mazF). Knowledge of the differential substrate utilization patterns between strains represent necessary information when considering the rational design of biogenic methaneproducing communities. Moreover, these inferences cannot be made based on genomes alone, as physiological parameters like growth efficiency and rate also need to be considered when enhancing methanogenesis at the field scale.
Physiological investigation of Methanohalophilus strains
Due to methodological constraints involved in assembly and binning, the absence of genes in isolate and metagenomic derived genomes is not alone sufficient for inferring physiology. To validate the absence of TMA utilizing genes in strain WG1-DM, we performed physiological characterization of these two closely related strains (Mh. WG1-DM and Mh. WG1-MB). Between strains we compared the growth rate, growth yield and the total methane produced on four separate methylotrophic substrates (Fig. 4, Supporting Information File S5) . All of the methylotrophic substrates evaluated here (methanol, trimethylamine, dimethylamine, monomethylamine) were present through time in the produced fluids, demonstrating the relevance of these compounds to the ecology of Methanohalophilus (Fig. 4) .
Our physiological data verified the substrate utilization patterns inferred by genomics. For instance, WG1-MB increased to >1 optical density (O.D. measured at 600 nm) and produced 31.5 μmol of methane produced over a period of 9 days, while no growth or methane production was observed by strain WG1-DM on the same concentration of TMA given the same amount of time. Additionally, physiological analyses provided new information on growth parameters that could not be concluded from a genome. For example, the exponential growth rate of WG1-DM and WG1-MB did not differ when grown on dimethylamine or methanol but was statistically different on monomethylamine. For this latter substrate, WG1-MB had a faster exponential growth rate than WG1-DM, but no significant differences in total cell or methane yield were observed. We note that these enzymes and their corresponding coronoid proteins are identical at an amino acid level. Also in these experiments, we attempted to account for differences in starting biomass, resting metabolic state and substrate concentrations, as we used washed cell suspensions with the similar cell density for inoculation. Thus, it is possible that these growth rate differences could be attributed to variations in substrate transport or uptake (e.g., transporter, cell envelope proteins), growth forms (biofilm, planktonic) or currently unknown enzyme or kinetic or pathway efficiencies.
Viral predation in Methanohalophilus leads to strain differentiation
Previous work from our laboratory has shown that viruses are important controllers in unconventional reservoir ecosystems (Daly et al., 2016; Borton et al., 2018) . In line with these findings, nine of the 11 Methanohalophilus genomes in this study contain CRISPR-Cas systems, which is an acquired immune system used by bacteria and archaea to ward against viruses and other invading foreign DNA. A CRISPR array is a hyper variable region within a bacterial or archaeal genome, composed of direct repeats and spacers, with each spacer recording a Fig. 4 . Two Methanohalophilus strains, Methanohalophilus euhalobius WG1-DM and Methanohalophilus euhalobius WG1-MB, were isolated from produced fluids originating from the same Utica/Point Pleasant Formation natural-gas well two days apart. A. These isolates are indistinguishable by 16S rRNA sequence, yet their genomes harbour ecologically relevant differences. Gene symbols are coloured based on their genomic presence (yellow, present in both genomes; green, present only in Methanohalophilus euhalobius WG1-MB; blue, found only in Methanohalophilus euhalobius WG1 DM). B. Methanohalohphilus substrates are present in flowback and produced fluids. C. Genomic inferences are validated between the two strains, as the growth rates of strains WG1-DM and WG1-MB are different based on substrate. Error bars represent one standard deviation. successful defence against viral or foreign DNA invasion (Makarova et al., 2015) . All Mh. euhalobius genomes, which were sampled exclusively from natural-gas and oil wells, have CRISPR arrays (Supporting Information File S6), with a majority being denoted as type I CRISPR systems (especially type I-A) (Makarova et al., 2015) (Supporting Information File S6). Comparison of the CRISPR-Cas arrays, revealed 11 direct repeat sequences, which were either 30 or 37 bp in length. Collectively, the Methanohalophilus genomes contained a total of 993 spacers in 28 CRISPR-Cas arrays. All but one of the arrays were not at the end of contigs, suggesting these numbers are not methodologically inflated due to assembly breaks. Remarkably, 52% of the collective spacers in Methanohalophilus genomes are shared by at least one other Methanohalophilus genome (Fig. 5 , Supporting Information File S6), despite differences in reservoir geographic location (ranging from the USA to Russia), reservoir formation (e.g., Marcellus, Haynesville and Utica) and reservoir age (spanning from the Ordovician (Utica:
465-450 Ma) through the Jurassic (Haynesville: 151-125 Ma)). Taken together, our findings suggest that Methanohalophilus genomes are under similar predatory stress regardless of their geographic location, rock type (ranging from shales (siliceous) to micrites) or depositional age (spanning from~465 to 125 Ma in this study).
The two highly similar Methanohalophilus isolates, WG1-MB and WG1-DM, that originated from the same natural-gas well and were physiologically characterized (see above), share 26 identical spacers in three different CRISPR-Cas arrays (Fig. 5) . While some of these arrays are identical (WG1-DM CRISPR-4 and WG1-MB CRISPR-4), other arrays contained a series of identical spacers followed a series of divergent spacers. For example, WG1-MB CRISPR-2 and WG1-DM CRISPR-1 share nine consecutive spacer sequences but each have three unique spacers at the end of the array. Similarly, WG1-MB CRISPR-5 and WG1-DM CRISPR-3 share identical first four spacers and the next 13 spacers are divergent (Fig. 5) . Together these data suggest that in recent evolutionary history, the Methanohalophilus isolates WG1-MB and WG1-DM may have constituted a single population that diverged, with each strain subsequently encountering different viruses. Both of the closely related strains are present during the Utica 2 natural-gas well lifetime, with no differences in relative abundance, thus we could find no fitness advantage by the type of spacers maintained in these genomes (Supporting Information File S1). Here, we show differences in substrate utilization, growth rate and perhaps some yet appreciated component of viral immunity may contribute to subtle microdiversity maintained in the deep subsurface.
Beyond isolates, a comparison of MAG CRISPR arrays allow for microdiversity and viral history characterization across geographic distances. For instance, a comparison of MAGs from two separate Marcellus natural-gas wells (genomes 1-M1, DAL1), operated by different companies and data collected by separate groups, revealed an identical CRISPR arrays spanning 34 spacers. These two genomes also have an array that shares the first 14 spacers, but the DAL1 genome has additional 55 spacers unique to that genome (Supporting Information File S6). This suggests while viral populations have a broad host range, others may be natural-gas well or strain specific.
This pattern, of identical and divergent arrays, also holds true when comparing arrays within an isolate from an oilfield in Bonduzkhoe, Russia (Mh. euhalobius DSMZ 10369) and a MAG from a natural-gas well in the Marcellus Formation, sampled in West Virginia, USA (Mh. sp. 4-M4). Eleven spacers are 100% identical (10 consecutive spacers) between these two genomes. Collectively, these data suggest that despite being sampled from different natural-gas wells in the same unconventional formation (i.e., a shale in this instance), different unconventional reservoir formations within the USA, and between the USA and Russia, Methanohalophilus genomes sampled to date have likely encountered the same viral genomes or populations.
The comparison of methanogen spacer sequences to viral genomes assembled and binned from the same samples (Daly et al., 2016) , allowed us to link viral sequences to Methanohalophilus genomes. We found that 61 spacers, or~8% of the total spacers, in the seven Mh. euhalobius derived from hydraulically fractured unconventional reservoirs, matched a single viral genomic population (Fig. 5) . We note the other non-shale Mh. euhalobius genome (DSMZ 10369), which has a CRISPR system with some shared spacers to these unconventional reservoir genomes lacked spacers for this virus. A genome representing this conserved unconventional reservoir virus was reconstructed, resulting in a circular 54 653 bp genome (Daly et al., 2016) . We mapped Methanohalophilus spacers to this viral genome to identify viral genome regions commonly incorporated as spacers in Mh. euhalobius. Studies have suggested these new spacers are organized around protospacer adjacent motif (PAM) (Shipman et al., 2016) , thus future identification of Methanohalophilus PAMs may continue to improve insight into Methanohalophilus viral immunity.
In summary, our comparative genomic and viral analyses lead to several conclusions about Methanohalophilus viral-interactions. First, many of our Methanohalophilus spacers could not be linked to viral genomes, suggesting we are under-sampling the archaeal viral diversity. Second, the fact that a single viral population had 63 links to Methanohalophilus genomes from unconventional reservoirs suggests that this viral genome is broadly distributed within the subsurface, at least in the Appalachian Basin. Moreover, this viral population can infect multiple Methanohalophilus strains in and between wells. Additionally, multiple spacer hits (up to 23) in a single methanogen genome to this viral population suggests that the Methanohalphilus and their viruses are in an arms-race between host immunity adaptation through CRISPR-Cas spacer incorporation and viral mutation (Levin, 2010; Gómez and Buckling, 2011) . Optimizing methane production in these economically important ecosystems is likely Fig. 5 . A. Sequence comparisons of CRISPR-Cas arrays from two isolates from the same natural-gas well highlight Methanohalophilus strain level microdiversity, with spacer sequences in an array denoted by a box (white boxes are unique to that genome and green boxes are identical matches shared between genomes). Pairwise comparisons between the seven other Methanohalophilus genomes containing CRISPR-Cas arrays can be found in Supporting Information File S6. B. Sixty-one Methanohalophilus spacers hit to the same viral population, represented here by a 54 653 bp circular viral genome (virus M1_T328_scaf-fold_10 Daly, et al. 2016) . Predicted viral ORFs are shown and coloured according to their annotation in the legend. From the 7 Methanohalophilus genomes that contain a spacer match to this virus, we show the unique viral genomic positions targeted by the spacers. The viral genome position is denoted by red/orange bar (coloured depending on mismatches), and each Methanohalophilus is represented by a separate concentric circle. Red numbers in (A) identify the 5 spacers from WG1-MB and WG1-DM genomes that target (match) portions of the viral genome shown by the same red numbers in (B).
going to require knowledge not only of methanogen physiology, but also predator-prey interactions.
Conclusion
We performed the first comparative genomic analyses of a methanogen prevalent in saline ecosystems. We contribute five isolate and metagenome-assembled genomes for the genus Methanohalophilus. We highlight genes that may enable adaptation in both surface and deep subsurface habitats. We couple genome predictions to laboratory physiological characterizations to define niche partitioning between two closely related, and co-occurring strains. We provide data that supports our speculation that in hydraulically stimulated, unconventional reservoirs the genome plasticity observed in our Methanohalophilus genomes could be maintained both by dynamic changes in environmental conditions, as well as viral predation and transposable elements. These results have implications for manipulating methanogenic communities in the deep biosphere, a rational, ecosystem-based design which could ultimately minimize souring, and lead to enhanced natural-gas production with extended naturalgas well longevity.
Experimental procedures
Isolation of two Methanohalophilus strains from produced fluid of the Utica 2 natural-gas well Methanohalophilus WG1-DM and Methanohalophilus WG1-MB were isolated from produced fluid samples collected from the same gas-fluid separator 94 and 96 days post hydraulic fracturing respectively. Each isolation was done using modified DSMZ 479 media dispensed in Balch tubes sealed with butyl rubber stoppers and aluminium crimps under an atmosphere of N 2 /CO 2 (80:20, vol/vol) . The modified DSMZ medium (per litre) included 87 g sodium chloride, 1.5 g potassium chloride, 6.0 g magnesium chloride, 0.4 g calcium chloride, 1.0 g ammonium chloride, 2.0 g yeast extract, 2.0 g trypticase peptone, 0.2 g coenzyme M, 0.2 g sodium sulfide, 4.0 g sodium bicarbonate and brought to a pH of 7.2 using 1 mM NaOH. Both strains of Methanohalophilus were isolated via serial dilutions on trimethylamine (WG1-MB) and dimethylamine (WG1-DM).
Mehanohalophilus imaging
Methanohalophilus WG1-MB cells were imaged (Fig. 1) at the Molecular and Cellular Imaging Center, Ohio State University (https://mcic.osu.edu/home). An equal volume of 2x fixative (6% glutaraldehyde, 2% paraformaldehyde in 0.1 M potassium phosphate buffer pH 7.2) was added directly to 1 ml of cell culture. Cells were precipitated and resuspended in 50 uL of 0.1 M potassium phosphate buffer pH 7.2 and applied to a silicon waffle (Electron Microscopy Sciences, catalogue # 71893-08). The sample was dehydrated in a graded ethanol series, transitioned into 100% hexamethyldisilazane, and air dried. Images were then obtained with the Hitachi S4700 scanning electron microscope.
Sample collection, geochemistry and metabolite analyses of produced fluids Sample collection, geochemistry and metabolite analyses (via NMR) from Utica/Point Pleasant and Marcellus natural-gas wells were reported previously in Borton et al. (2018) . These samples were from natural-gas wells in Ohio (n = 2), West Virginia (n = 2) and Pennsylvania (n = 1). New samples included here were from Oklahoma wells (n = 3) in the STACK play and do not include metabolite analysis by NMR. Reservoirs sampled here range in age of formation: Utica:~465-450 Ma; Marcellus:~390-365 Ma; Antrim:~375-360 Ma; STACK:
375-350 Ma; Barnett:~350-323 Ma; Haynesville: 151-125 Ma.
Chloride concentrations for the new samples provided here from the STACK play were analysed as previously described (Daly et al.) . Briefly, chloride concentrations from produced fluids were obtained using a Thermo Scientific Dionex ICS-2100 ion chromatograph and are included Supporting Information File S1.
Sequencing, genome assembly, annotation and binning
All isolate genomes were downloaded from the Joint Genome Institute's Integrated Microbial Genomes and Microbiomes (IMG/M) database. For isolates reported here (n = 3, Table 2), DNA was sequenced at the Department of Energy Joint Genome Institute (JGI), Walnut Creek, CA, USA. Illumina shotgun libraries were constructed and sequenced using the HiSeq 2500-1 TB platform. The Illumina sequence data were assembled using the CLC Genomics Workbench (version 8.0.1) and AllPaths-LB (version r46652).
Previously reported MAG scaffolds were downloaded from NCBI using the accession numbers specified in Table 2 (Daly et al., 2016; Borton et al., 2018) . MAGs reported here, including Mh. 3 U2 and Mh. 4 M4, were binned manually using a combination of GC content, taxonomy and coverage from the Utica 2 natural-gas well Day 94 metagenome (reported in (Borton et al., 2018) , JGI accession number 3300006807) and Marcellus 5 Day 313 metagenome (reported in (Borton et al., 2018) , JGI accession number 3300013017) respectively. Sequencing methods for these metagenomes are described in detail in Borton and colleagues (the publication in which they were first released). As described previously (Daly et al., 2016; Solden et al., 2017) , genome completion was estimated based on the presence of core gene sets (Bacteria, 31 genes and Archaea, 104 genes), using Amphora2 (Wu and Scott, 2012) . Contamination (gene copies >1 per bin) indicating potential misbins, along with GC and phylogeny, were used to manually remove potential contamination from the bins.
All genomes were annotated as previously described in (Daly et al., 2016) . Briefly, open reading frames were predicted with MetaProdigal (Hyatt et al., 2012) , and sequences were compared with USEARCH (Edgar, 2010) to KEGG, UniRef90 and InterProScan (Quevillon et al., 2005) with single and reverse best hit (RBH) matches of >60 bases reported.
Methanohalophilus relative abundance
Reads from previously published produced fluid metagenomes (Borton et al., 2018) and five additional samples reported here were competitively mapped to a database of 11 Methanohalophilus genomes (Fig. 1C) and strain CRISPR arrays (Supporting Information File S1) using Bowtie2 (Langdon, 2015) . Relative abundance was obtained by quantifying the percent of reads that mapped with zero mismatches (the number of reads that mapped divided by the total reads in the metagenome). Presence of Methanohalophilus was confirmed by manually looking for Methanohalophilus scaffolds (greater than 2 kb) in each assembled metagenome. We note that for one prior publication the reads were not publically available, only genomic scaffolds, and thus relative abundance of Methanohalophilus could not be determined for this sample (Lipus et al., 2016) .
Comparative genomics of 11 Methanohalophilus genomes
The 11 Methanohalophilus genomes were analysed using the Anvi'o (version 5) pangenomic workflow (Eren et al., 2015; Delmont and Eren, 2018) . First an Anvi'o contigs database was generated using gene calls and annotations from our in-house annotation pipeline, described above and published previously (Daly et al., 2016; Solden et al., 2017) . Then a contigs database was generated for each Methanohalophilus genome using the anvi-gen-contigs-database function in Anvi'o using the --external-genecalls flag to import in-house gene calls generated from MetaProdigal (Hyatt et al., 2012) . Next using the corresponding in-house annotations, the anvi-import-functions was used to import in-house annotations.
The overall pangenome was calculated using the anvipan-genome blast and an mcl-inflation of 10, due to the inclusion of MAGs. Bins of gene clusters unique to subsurface and surface genomes were obtained using the Anvi'o interactive software. As described previously (Delmont and Eren, 2018) , this pangenomic workflow calculates similarities of each amino acid sequence in every genome against every other amino acid sequence using blastp (Altschul et al., 1990) , then weak hits are removed using the 'minbit heuristic' (here we used the default of 0.5) (Benedict et al., 2014) , and gene clusters are identified using the MCL algorithm (Van Dongen and AbreuGoodger, 2012) . Next the number of occurrences of each gene cluster per genome and the total number of gene clusters in each genome contains was calculated. Hierarchal clustering (Supporting Information Fig. S4 ) of gene clusters based on their distribution across genomes and genomes based on gene clusters they share was calculated using Euclidean distance and Ward clustering. Average Nucleotide Identity (ANI) among genomes ( Fig. 2 and Supporting Information Fig. S4 ) was calculated using the anvi-compute-ani function in Anvi'o (Eren et al., 2015) .
Phylogenetic trees of Methanohalophilus single copy core amino acid sequences and 63 concatenated ribosomal amino acid sequences (Parks et al., 2017) were generated using Protpipeliner, a python script developed in-house for generation of phylogenetic trees (https:// github.com/TheWrightonLab). Briefly, a maximum likelihood phylogeny for each muscle alignment was conducted using RAxML version 8.3.1 under the LG + α + γ model of evolution with 100 bootstrap replicates. All phylogenetic trees were visualized in iTOL.
Viral analyses and CRISPR arrays
The viral genome shown in Fig. 5 that linked to 61 Methanohalophilus spacers was previously reported in Daly and colleagues (2016) . The viral genome was recovered from a Marcellus metagenome (Marcellus 1 from day 328 post hydraulic fracturing as reported in Borton, et al.) , NCBI accession number SAMN04417546.
The CRISPR Recognition Tool plugin (CRT, version 1.2) in Geneious was used to identify CRISPR arrays in Methanohalophilus isolate genomes and MAGs. To identify matches between viral protospacers and Methanohalophilus CRISPR-Cas array spacers (as well as comparing Methanohalophilus spacers among genomes) we used BLASTn with an E-value cutoff of 1e −5
. All matches were manually confirmed by aligning sequences in Geneious; one bp mismatch was allowed. Matching spacers among Methanohalophilus genomes are included in Fig. 5 and Supporting Information File S6. It should be noted that directionality of CRISPR arrays was not inferred. Links between viral sequences and Methanohalophilus were used to construct Fig. 5 . Methanohalophilus CRISPR-Cas systems were classified by manually examining the CRISPR-Cas proteins of annotated contigs (Makarova et al., 2015) .
Growth rate experiment
Methanohalophilus WG1-DM and Methanohalophilus WG1-MB isolate cultures were grown on modified DSMZ 479 media (see above) with trimethylamine, dimethylamine, monomethylamine and methanol as a separate carbon sources with a concentration of 5 mM. Prior to inoculation, cells were washed anoxically using a no carbon substrate modified DSMZ 479 media and inoculated to the same OD 600 (approximately 0.15) in high salt media. A portion of the cells were boiled in water for 30 min and inoculated into the same media and substrates for a control (Supporting Information File S5). Growth curves were done in triplicate at 37 C for each treatment with one substrate addition at the time of inoculation. Using optical density measurements at 600 nm as an analogue for microbial growth, turbidity was measured over a period of 8.5 day (206 h) (Supporting Information File S5). Isolate methane production was quantified at beginning and end time points using a Shimadzu (GC-2014) gas chromatograph equipped with a thermal conductivity detector (TCD) using helium as a carrier gas at 100 C. GC measurements are included in Supporting Information File S5. Wu, M., and Scott, A. J. (2012) 
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